The mode of insect embryogenesis varies among species, reflecting adaptations to different life history strategies [1, 2] . In holometabolous insects, which include the model systems, such as the fruit fly and the red flour beetle, a large proportion of the blastoderm produces an embryo, whereas hemimetabolous embryos generally arise from a small region of the blastoderm [3] . Despite their importance in evolutionary studies, information of early developmental dynamics of hemimetabolous insects remains limited. Here, to clarify how maternal and gap gene products act in patterning the embryo of basal hemimetabolous insects, we analyzed the dynamic segmentation process in transgenic embryos of an intermediate-germ insect species, the cricket, Gryllus bimaculatus. Our data based on live imaging of fluorescently labeled embryonic cells and nuclei suggest that the positional specification of the cellular blastoderm may be established in the syncytium, where maternally derived gradients could act fundamentally in a way that is similar to that of Drosophila, namely throughout the egg. Then, the blastoderm cells move dynamically, retaining their positional information to form the posteriorly localized germ anlage. Furthermore, we find that the anterior head region of the cricket embryo is specified by orthodenticle in a cellular environment earlier than the gnathal and thoracic regions. Our findings imply that the syncytial mode of the early segmentation in long-germ insects evolved from a dynamic syncytial-to-cellular mode found in the present study, accompanied by a heterochronic shift of gap gene action.
Results and Discussion
Germline Transformation of the Cricket To explore the developmental dynamics of the cricket, we established a method of germline transformation in this species. Germline-transformed crickets were obtained from 16% of surviving crickets coinjected with a DNA vector carrying the piggyBac transposable element and the enhanced green fluorescence protein (eGFP) fluorescent marker, as well as an mRNA encoding the piggyBac transposase (n = 190) (Figures S1A-S1C, available online). Additionally, to visualize the cytoplasm and nuclei separately, we generated transgenic crickets expressing cytoplasmic actin-eGFP (pXLBGactactin:eGFP) or histone2B-eGFP fusion proteins (pXLBGactHistone 2B:eGFP), in which eGFP fluorescence was specifically localized to the cytoplasm or nuclei, respectively (Figures S1D and S1E). Each transgenic cricket was found to have between one and three integration events (Figures S1F and S1G) with the duplicated TTAA target sequences characteristic of the piggyBac element maintained ( Figure S1H ). Stable integration of the transgenes into the genome occurred, as demonstrated by their inheritance through at least seven generations.
Cellular Dynamics during Cricket Embryogenesis
Using the transgenic cricket lines, we investigated cellular dynamics during early embryogenesis, which differs significantly from that of Drosophila melanogaster and is probably more ancestral in nature [4] . In the newly laid G. bimaculatus egg, meiosis resumes and is completed at the middorsal periphery, before the female pronucleus moves to the midventral side and syngamy occurs [5] . Energid proliferation and migration to the periphery of the egg begins, initiating blastoderm formation [5] . Our time-lapse recording of early embryogenesis in transgenic crickets expressing the eGFP gene driven by the G. bimaculatus cytoplasmic actin promoter [6] revealed the dynamic features of cricket blastoderm cells ( Figures 1A-1H and Movie S1). In the early developmental stages, from blastoderm formation to early germ-anlage formation, we distinguished three phases of energid or cell migration. The first phase spanned from early mitotic cycles to the establishment of a uniform distribution of energid cleavage on the surface of the yolk mass. During early mitotic cycles, energids rapidly migrated anteriorly or posteriorly inside of the egg ( Figures 1A-1C and Movie S1). This first phase was reminiscent of the axial expansion in D. melanogaster embryos, in which nuclei migrate along the long axis of the preblastoderm embryo [7] . Higher magnification observations of the G. bimaculatus preblastoderm embryo showed eGFP fluorescence to be distributed along the egg surface as a net-like structure, likely reflecting the distribution of the cortical cytoplasm ( Figure 1I ). The energids that migrated to the surface of the egg's yolk mass merged with the cortical cytoplasm ( Figure 1J ), which was reduced dramatically before the early blastoderm was formed ( Figure 1K and Movie S2). A uniform distribution of energids throughout the surface of the yolk mass was attained gradually, following a localized first emergence at 20%-40% of the egg length (where 0% is the posterior pole) ( Figures 1D-1F and Figures  S1I-S1N) .
The second phase spanned the uniform blastoderm stage, in which each of the energids or cells on the egg surface was moving continuously in random directions in an asynchronous manner, with accompanying tangentially oriented nuclear divisions ( Figures 1F, 1G, 1N , and 1O; Movie S1; Movie S2). We found that cellularization of the blastoderm took place during the uniform blastoderm stage ( Figures 1F and 1G) , at 14 to 16 hr after egg laying ( Figures 1R and 1U ), implying that there is a short-term syncytial blastoderm stage in G. bimaculatus embryogenesis, as suggested previously [5] . In the syncytial blastoderm of the G. bimaculatus, the energids were connected to each other via the net-like cortical cytoplasm ( Figure 1K ). After cellularization (Figure 1G ), the cells exhibited dynamic shape changes and possessed multiple filopodia indicative of active cell movement ( Figures 1L and  1M ). The migration speed of the blastoderm cells during the second phase was relatively uniform among the cells ( Figure S1O ).
The third phase started at the end of the uniform blastoderm stage, when very dynamic and synchronous cell movement toward the 15%-43% region in egg length began the formation of the germ anlage ( Figures 1G, 1H , 1P, and 1Q; Movie S1). Cells in the most anterior region did not join this flow ( Figure 1P ). The trajectories of marked cells indicated that the speed of cell movements in the third phase of migration varied significantly, depending on the positions of the cells in the egg ( Figure S1P) .
We also assessed cell intercalation in germ-anlage formation by plotting changes in the relative positions of cells in different regions by drawing lines between cells (''constellations'') (Figures 1V and 1W; Movie S3). In the 10%-55% region, constellations (yellow) became condensed and shifted toward the germ-anlage-forming region, while maintaining the relative positions among cells. In the more anterior region (65%-75% of egg length), constellations (purple) shifted posteriorly and became wider along the anteroposterior axis, reflecting the differences in migration speeds among the cells (i.e., anterior cells moved slowly, and posterior cells moved quickly). In the more anterior (80%-100%) or posterior (0%-5%) regions, constellations (purple) remained in their original regions even if their configurations changed to some extent. These results suggested that germ-anlage formation occurred not through cell sorting, but rather through aggregation of cells specified positionally in the uniform blastoderm, implying that positional information may be present in the cricket syncytium, as it is in Drosophila.
The germ anlage of G. bimaculatus originated from the bilateral aggregations of cells on the ventrolateral surface of the egg [5] (Figures 2A-2F and Movie S4). This embryonic bipartition is not seen in holometabolous insects, but is typical of hemimetabolous insects [3] . To further investigate the details of cellular dynamics in cricket germ-anlage formation (defined as the fourth phase) and germband formation (fifth phase), we performed cell tracking during these processes (Figures 2G-2H''). A ventral view of the trajectories of cells marked in germ-anlage formation showed that cells on the ventral edges of the bilateral aggregations shift posteriorly from the ventrolateral region to the ventral midline region (Figures 2G-2G'' and Movie S5). These cells became aligned near the ventral midline, in general maintaining their relative positions with neighboring cells. We also found that the ventral midline region of the germ anlage originated from the cells in the ventral midline region in an earlier blastoderm. The revealed cellular dynamics during germ-anlage formation suggests that the aggregating cells are positionally specified in an earlier stage, consistent with the results of our cell constellation analysis ( Figures 1V and 1W ). Furthermore, a lateral view of the cell tracking allowed us to clarify the presumptive protocephalon (anterior head region) in the early germ anlage of the lateral aggregation (Figures 2H-2H'' and Movie S5). The flow of cell movements during germ-anlage and germband formation is summarized in Figures 2I and 2J .
These results provide insight into the highly dynamic features of blastoderm cell behavior, as well as the timing of regional specification in hemimetabolous embryogenesis. In large and yolky eggs of hemimetabolous insects, dynamic cell movements in the blastoderm might be a prerequisite for the cells to convey morphogenetic information to the locally formed germ anlage and over a much longer range along egg axes than could be achieved by protein diffusion alone. In addition, it is suggested that the formation of a syncytial blastoderm may be an ancestral feature of insect embryonic development, because it is conserved between the hemimetabolous species G. bimaculatus and holometabolous species such as D. melanogaster and T. castaneum. In the locust Schistocerca gregaria, a short-germ species, cellularization occurs asynchronously among individual energids within a short time of their arrival at the surface and prior to blastoderm formation, and thus there does not exist a uniform blastoderm stage [8] . Because S. gregaria belongs to Orthoptera as does G. bimaculatus, the phylogenetic comparison suggests that the blastoderm formation in the locust represents a derived mode.
Expression and Function of the Cricket orthodenticle Gene
To explore the mechanisms underlying blastoderm patterning, we examined the role of cricket orthologs of Drosophila early patterning genes. In Drosophila, the first zygotic genes to act in the anterior region of the head are the cephalic gap genes, which include orthodenticle (otd), empty spiracles (ems), buttonhead (btd), and sloppy paired (slp) [9, 10] . The expression of these genes is positively regulated by bicoid in a concentration-dependent fashion, similar to the trunk gap genes. In the blastoderm embryo, these genes are expressed in broad stripes, which include the primordia of multiple head segments [9] . In G. bimaculatus, we found dynamic expression patterns for the otd ortholog (Gb'otd1) during early embryogenesis ( Figure 3A) . We found that Gb'otd1 transcripts are maternally supplied and its zygotic expression begins by 11 hr after egg laying (AEL); i.e., before the syncytial blastoderm stage ( Figure S2A ). In the syncytial blastoderm stage, Gb'otd1 expression is detected in all energids on the egg surface ( Figure 3A , 13 hr AEL), probably showing both maternal and zygotic transcripts. Accompanied by cell aggregation in the midposterior region of the egg during initiation of germ-anlage formation, intense Gb'otd1 expression becomes restricted to the germ-anlage-forming region, resulting in a broad stripe covering the presumptive anterior region of the germ anlage ( Figure 3A, 23 and 24 hr AEL). The expression in the extraembryonic region (presumptive serosa) is repressed in this stage, whereas it is reactivated by the stage of germ-anlage completion ( Figure 3A, bottom panels) . The broad stripe of Gb'otd1 expression at 23-24 hr AEL is reminiscent of the anterior ringlike pattern observed in Drosophila and the beetle Tribolium castaneum [11, 12] , implying conserved otd function in cricket head patterning. In Tribolium, maternal otd1 mRNA translation is thought to be repressed at the posterior pole by Nanos [13] . We also found a potential Nanos response element (NRE) in the 3 0 untranslated region of the Gb'otd1 transcript (Figure S2C) . Thus, maternal Gb'otd1 expression might be regulated by translational repression in early blastoderm stages, possibly to produce a morphogenetic gradient of Gb'otd1 proteins as shown in Tribolium [13] . The existence of maternally derived gradients as in Drosophila and Tribolium seems to be supported by the expression pattern of Gb'hb. Gb'hb expression is zygotically activated in the uniform cellular blastoderm ( Figure 3B, 18 hr AEL) and becomes localized in the anterior region of the egg ( Figure 3B , 26 hr AEL), probably involved in specifying the presumptive serosa ( Figure 3B , 34 hr AEL). Such anterior-specific expression implies regulation by maternally derived gradients along the anteroposterior axis throughout the G. bimaculatus egg. Translation repression could be involved in this regulatory process, because the Gb'hb mRNA also has potential NREs in its 3 0 untranslated region ( Figure S2C) .
Given that the expression pattern of Gb'otd1 seems to imply that regional specification by Gb'otd1 may precede germanlage completion, suppression of Gb'otd1 function would be predicted to result in morphological defects of the anterior region of the germ anlage. Indeed, we found that RNA interference of Gb'otd1 expression resulted in a reduction of the overall size of early embryos ( Figure 3C ), indicating that the germ anlage is not properly formed (Movie S6). In the defective embryos, anterior regions were severely reduced, . At 22 hr AEL, the onset of cell aggregation into the posterior region, Gb'otd1 expression is still ubiquitous (this sample lacking expression signals around the posterior poles as a result of damage in the egg surface through the sample preparation). Instead, the right small panels show Gb'otd1 expression around both egg poles (merged with DAPI staining). By 23 hr AEL, intense expression of Gb'otd1 rapidly becomes restricted to the germ-anlage-forming region, exhibiting a broad stripe in 20%-40% in the egg length. As germ-anlage cells become more densely packed toward the ventral region of the egg, the Gb'otd1 expression becomes further restricted to a small patched region in each head lobe of the germ anlage by 32 hr AEL. Expression of Gb'otd1 in the presumptive serosa cells is observed in this stage (bottom panel). (B) Expression pattern of G. bimaculatus hunchback (Gb'hb) during blastoderm stages. Although no transcripts of Gb'hb were detected until 16 hr AEL (data not shown), at 18 hr AEL, faint expression was observed in superficial cells in the middle region of the cellular blastoderm. At 26 hr AEL, the onset of fusion of the bilateral cell aggregations at the ventral surface of the egg, Gb'hb is expressed in superficial cells from the anterior pole to the middle region (bracket). At 34 hr AEL, the germ anlage is just completed but is still not covered with the amnion, and Gb'hb expression becomes localized to the serosal region. Highermagnification images at 34 hr AEL egg show that Gb'hb expression formed a sharp boundary between the extraembryonic and the embryonic region. On the other hand, in the germ anlage, Gb'hb is expressed as a gap-like pattern in the presumptive gnathal region. (C and D) RNAi analysis of Gb'otd1. (C) Effect of Gb'otd1 RNAi on the morphology of early embryos (38 hr AEL). The left column shows the lateral view, and the right column shows the ventral view in the same embryo. The transgenic (pBGact-eGFP) line was used for the RNAi experiment to visualize morphological defects during early embryogenesis. (D) Control (DsRed RNAi) and Gb'otd1 RNAi embryos (46 hr AEL) stained for expressions of the segment-marker gene G. bimaculatus wingless (Gb'wg). See also Figure S2 and Movie S6.
accompanied by a reduction or elimination of anterior Gb'wg expression, leading to defects in the anterior head region in the older embryo ( Figure 3D and Figures S2D-S2G) . Although the posterior growth zone in the RNAi embryos retained Gb'wg expression, the expression domain became broader ( Figure 3D ). The defects in segment patterning and growthzone shape, as shown by the alteration of Gb'wg expression patterns, appear to directly or indirectly affect later segmentation processes, because segmentation disturbance in the thoracic and abdominal regions was frequently observed in the older embryos ( Figures S2D-S2G ) (details of effect in late embryos will be described elsewhere). The deletion defect in the anterior embryo implies that Gb'otd1 is involved in the specification of the anterior head region at least. Thus, our analyses of the expression and function of Gb'otd1 suggest that the role of otd in head specification is conserved in the cricket and that specification might take place before the beginning of aggregation of the germ-anlage cells.
In G. bimaculatus, orthologs of the trunk gap genes hb (Gb'hb) and Kr€ uppel (Gb'Kr) are expressed in a specific domain covering the presumptive gnathal or thoracic region, respectively, in the germ anlage [14, 15] . This implies that the regional specification by these gap genes takes place in the cellularized germ anlage, in contrast with Drosophila, in which blastoderm allocation by gap genes occurs in syncytial stages. We previously showed that G. bimaculatus caudal (Gb'cad) is expressed in the posterior germ anlage and could regulate expression of Gb'hb and Gb'Kr in a concentration-dependent manner, on the basis of posterior-to-anterior transcript gradients [16] . We found that Gb'cad is activated after blastoderm cellularization ( Figures S2A and S2B) , and the posterior Gb'cad expression was not detected before germ-anlage formation with in situ hybridization (data not shown). This implies that positional information of the protocorm, the presumptive trunk region of the embryo, is established by Gb'cad and conveyed to gap genes during germ-anlage formation. Consistent with this, in embryos treated with Gb'cad RNAi, a nearly normal germ anlage is formed and the obvious defect appears later, in shaping of a germband by convergent extension and elongation [16] . These lines of evidence suggest that the specification of the anterior head and remaining regions appears to be established in a temporally differential manner in the cricket, though the Bicoid gradient of Drosophila organizes the region from the anterior head through the trunk (Figure 4 ). This suggests that the Drosophila anterior (cephalic, gnathal, and thoracic) gappatterning systems might have evolved from a more ancestral mode of embryogenesis through a heterochronic shift of the timing of the anterior gap gene actions. Even in the Drosophila syncytial mode, it has been suggested that a regulatory mechanism for correct positioning of gap gene boundaries relies on asymmetric gap-gap crossrepression and does not require the diffusion of gap proteins [17] . Intriguingly, the timing of the anterior gap gene actions in T. castaneum seems to represent an intermediate state between Gryllus and Drosophila. Tribolium undergoes short-germ embryogenesis, but a large proportion of its blastoderm produces an embryo unlike Gryllus. Although Tribolium otd1 is expressed as an anterior ring in the blastoderm prior to the establishment of specific domains of hb and Kr in the germ anlage, hb expression in the prospective embryonic region starts in the stage when otd1 is expressed in the ring-like pattern [12, 13, 18, 19] (Figure 4) . Thus, the maternal gradient system, which is presumed to be an ancestral mechanism in insects, may have evolved to regulate trunk gap genes in the syncytial blastoderm in the lineage leading to Drosopihla, possibly through intermediate states as represented in Tribolium.
Conclusions
We have established a technique for germline transformation of the cricket, Gryllus bimaculatus, using a piggyBac vector and have succeeded in visualizing cellular dynamics during early embryogenesis. We showed that the cricket blastoderm cells move very dynamically to form the germ anlage in the caudal end of the egg, retaining their positional information that may be provided during the syncytial blastoderm stage. Our results imply that a syncytial mode of early segmentation in long-germ insects may have evolved from a dynamic The developmental events plotted against the period since egg laying (log time). The maternal gradient system is simply represented by a red gradient in an egg cartoon of each species. Periods of regional specification by the head gap gene (H; otd) and/or trunk gap genes (T; hb and Kr) are indicated by red dots on each line plot. Expression domains of otd (light blue), hb (blue), and Kr (pink) are shown in cartoons of embryos. The orange dotted line indicates the timing of cellularization. In Drosophila, the head and trunk regions are specified almost simultaneously through the activities of gap genes, which are regulated primarily by Bcd morphogenetic activity, during syncytial blastoderm stages. In Gryllus, the anterior head and gnathal/thoracic regions are specified by activities of otd and hb/kr, respectively, in a temporally differential manner in the cellularized condition. Phases 1-5 indicate the phases of cellular dynamics in Gryllus early development (defined in text). In Tribolium, although the establishment of specific domains of hb is later than otd, the hb expression in the germ-anlage region starts in the H stage (represented by H/(T)). Abbreviations: p.f., pronuclear fusion; a.e., axial expansion; s.b., syncytial blastoderm formation; c.b., cellularization of the blastoderm; GAf., germ-anlage formation; GAe., germ-anlage (or germband) elongation.
syncytial-to-cellular mode, as shown in the cricket through presumable intermediate states, retaining fundamental molecular mechanisms.
Experimental Procedures
Cricket Transgenesis Microinjection into the G. bimaculatus eggs was performed as described in ref. [20] with slight modification. The eggs were treated with 70% ethanol for 10 s, then washed extensively in distilled water before being lined up on double-sided adhesive tape attached to a microscope slide. Solution containing a piggyBac vector plasmid and the piggyBac transposase mRNA (final concentration of each: 1 mg/mL in water) was backloaded into a glass needle and injected into each egg at 20% in the egg length. Details of construction of the piggyBac vectors for the eGFP fusion proteins used in the present study are available upon request.
Construction of the piggyBac Vector for eGFP Fusion Protein
Coding region of the G. bimaculatus cytoplasmic actin or histon 2B was obtained from cDNA (stage 9) via polymerase chain reaction (PCR) with gene-specific primers. The PCR products were cloned into the N-terminal region of the eGFP gene of the pGact-eGFP [20] . Then, the Gact-actin or H2B fusion eGFP fragments of these constructs were cloned into pXLBac II (from http://piggybac.bio.nd.edu/). Details of construction of the piggyBac vectors for eGFP fusion proteins used in the present study are available upon request.
Real-Time Quantitative PCR and Inverse PCR For estimation of copy numbers of the transgene, genomic DNA of G. bimaculatus embryos at stage 13 was used as the PCR template. Real-time quantitative PCR was performed with SYBR Green PCR Master Mix (Applied Biosystems) on an ABI 7900 Real Time PCR System (Applied Biosystems), with the use of primers designed with the web software Primer 3 [21] . Gb'hbor eGFP-to-Gb'otd ratios were determined by averaging three independent assays of the comparative Ct method [22] . For inverse PCR, the genomic DNA was digested with Sau3AI or HhaI and then ligated before being used as a template. The amplified products were sequenced directly.
Time-Lapse Experiments and Confocal Analysis
Fertilized eggs were placed on glass-bottom dishes and covered with water. Imaging of the embryos was performed at 28 C with a Nicon Eclipse C1 inverted confocal laser scanning microscope (CLSM) with the 103 or 603 objective. Fluorescence images of the top half of the whole depth of the eggs were captured with focal planes changed in 8 mm steps. The time-lapse data were analyzed with Image J software. Cells were tracked via the ''Manual tracking'' plug-in according to instruction manual. Cumulative images ( Figures 1A-1D) were prepared with Photoshop (Adobe) software.
Whole-Mount In Situ Hybridization and RNAi Experiments
Standard protocols were used for whole-mount in situ hybridization with a digoxigenin-labeled antisense RNA probe, as previously described [23, 24] . Embryonic and parental RNAi experiments were performed as described previously in ref. [14] .
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